The ability to process and identify visual words requires efficient orthographic processing of print, consisting of letters in alphabetic languages or characters in Chinese. The N170 is a robust neural marker for orthographic processes. Both genetic and environmental factors, such as home literacy, have been shown to influence orthographic processing at the behavioral level, but their relative contributions and interactions are not well understood. The present study aimed to reveal possible gene-by-environment interactions on orthographic processing at the behavioral and neural level in a normal children sample. Sixty 12 year old Chinese children from a 10-year longitudinal sample underwent an implicit visual-word color decision task on real words and stroke combinations. The ERP analysis focused on the increase of the occipitotemporal N170 to words compared to stroke combinations. The genetic analysis focused on two SNPs (rs1419228, rs1091047) in the gene DCDC2 based on previous findings linking these 2 SNPs to
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Introduction
Developmental dyslexia is a genetically complex, neurodevelopmental disorder, which affects about 5e12% of school age children who experience severe difficulties in acquiring reading (Bates et al., 2009; Katusic, Colligan, Barbaresi, Schaid, & Jacobsen, 2001) . Heritability estimates for dyslexia range between moderate and high (Fisher & DeFries, 2002; Francks, MacPhie, & Monaco, 2002; Olson, 2002) . This variation in heritability estimates may reflect the multigenetic nature of the disorder and the environmental influence during reading acquisition, given that dyslexia is a learning disorder. One way to address the question of how environment and genes interact during the development of dyslexia is to use specific measures of brain activation as endophenotypes that potentially indicate particular genes more clearly while still being sensitive to environmental influences during learning (Galaburda, LoTurco, Ramus, Fitch, & Rosen, 2006) . Given that learning to read is best addressed in a longitudinal study design, we made use of a 10-year longitudinal study (Lei et al., 2011) with children in order to investigate how genes and environment influence brain functions that are related to dyslexia.
Several genes have been proposed as susceptibility candidates for either dyslexia or the basic reading-related phenotypes (Bates et al., 2009; Cope et al., 2005; Lind et al., 2010; Luciano et al., 2007; Meng, 2005; Taipale et al., 2003) . Among all of them, the DCDC2 gene received relatively more consistent observations (Brkanac et al., 2007; Lind et al., 2010; Meng, 2005; Schumacher et al., 2006; Wilcke et al., 2009) . In general, the DCDC2 gene was not only associated with dyslexia (Deffenbacher et al., 2004; Meng, 2005; Schumacher et al., 2006; Wilcke et al., 2009) , but also played an essential role for reading in the normal population (Lind et al., 2010) . Using twenty-nine intensively distributed SNPs across the 211.5-kb DCDC2 locus in a large Australian general population, Lind et al. (2010) detected 2 SNPs, rs1419228 (with risk allele "C", P ¼ 0.0038) and rs1091047 (with risk allele "G", P ¼ 0.0034), that were significantly associated with reading irregular words, a task that is thought to indicate orthographic coding ability in alphabetic languages (Lind et al., 2010) . In Chinese, however, the orthographic rules are different. Unlike in alphabetic writing systems, Chinese orthography requires the reader to encode characters in terms of units representing major character components and to subtly process the internal content of the components (Anderson et al., 2013) . Moreover, previous genetic studies on dyslexia used samples from Caucasian populations which may have different genetic distributions from Han populations in China. Therefore, whether the association between these two SNPs (rs1419228 and rs1091047) and orthographic coding can be replicated in Han population, a nonalphabetic language sample, was a first interest of our study.
With the development of imaging genomics, increasing researchers tended to focus on the associations between genes and the brain. The brain became a bridge connecting genes and behavior. Recently, the DCDC2 gene was detected to be associated with gray matter volume and white matter volume (Darki, Matsson, Kere, & Klingberg, 2012; Meda et al., 2007) . RNA interference experiments in rats indicated that dyslexia candidate genes appear to regulate neuronal migration, and thus influencing the neocortical development (Meng, 2005; Paracchini, 2006; Rosen et al., 2007) . In other words, the brain may be closer to genes than behavior. Dyslexia candidate genes have been related not only to the cortical neuroanatomy but also to neurofunctional phenotypes, for instance with electrophysiological responses in ERP (event-related potential) studies (Czamara et al., 2010; Roeske et al., 2011) and BOLD responses in an fMRI study (Pinel et al., 2012) .
Thus, brain activation seems to be an important endophenotype connecting genes and behavior. Some studies even found significant differences in brain activation between different genotypes, even though reading ability did not differ at the behavioral level (Krug et al., 2009; Neuhoff et al., 2012) . This suggests that compared to behavioral measures, brain signals proved to be a more sensitive index for the genetic influence on processes related to reading and language.
While most previous genetic studies using brain activation as an endophenotype focused on measures of auditory processing (Czamara et al., 2010; Roeske et al., 2011) , only one study looked at brain activation in a reading task (Pinel et al., 2012) . Recent meta-analyses of functional imaging studies in dyslexia revealed, however, that some of the most robust underactivations in dyslexia were found in inferior occipito-temporal regions (Richlan et al., 2010) . This region is consistently activated in reading tasks in normal readers and has thus been termed the Visual Word Form Area (VWFA) (McCandliss, Cohen, & Dehaene, 2003) .
In electroencephalography (EEG) data, activation related to reading is found in the N170 component of the ERP in response to visual words and is thought to originate in inferior occipito-temporal regions including the VWFA (Brem et al., 2006) . The N170 occurs at occipito-temporal electrodes between 150 and 200 ms after stimulus onset and is particularly pronounced for words and faces (Bentin, Mouchetant-Rostaing, Giard, Echallier, & Pernier, 1999; Lin et al., 2011; Maurer, Zevin, & McCandliss, 2008) , although the word and face N170s differ in lateralization (Rossion, Joyce, Cottrell, & Tarr, 2003) . In alphabetic languages, many studies found orthographic stimuli (words, pseudowords) evoked a larger N170 than nonorthographic stimuli (symbol, form strings) in the left hemisphere (Bentin et al., 1999; Maurer, Brandeis, & McCandliss, 2005; Maurer et al., 2007) suggesting early, automatic processing of print. In Chinese, several studies observed significantly larger N170 for real characters than stroke combinations in left hemisphere Zhao et al., 2012) suggesting that N170 print tuning also occurs in non-alphabetical languages. Moreover, N170 print tuning was found to be reduced in dyslexic children (Araújo, Bramão, Faísca, Petersson, & Reis, 2012; Maurer et al., 2007) and adults (Helenius, Tarkiainen, Cornelissen, Hansen, & Salmelin, 1999; Mah e, Bonnefond, Gavens, Dufour, & Doignon-Camus, 2012) , and thus seems a good candidate for an endophenotype of dyslexia.
In the context of face processing, a recent study described the heritability of the face N170 and the specific effect of COMT gene on N170 in facial processing among 49 Italian children (Battaglia et al., 2007) . To our knowledge so far, there was no study exploring the relationship between the N170 elicited by orthographic stimuli and reading-related genes. In this study, therefore, we chose the N170 as a candidate endophenotype connecting the orthographic behavior and genes and further figured out the specific relationship between N170 and DCDC2 gene.
However, reading is a kind of polygenetic cognitive skill with relatively minor effects for each single gene. At the same time, the development of the reading brain is inevitably influenced by environment (Peterson & Pennington, 2012) . Thus, combining effects of both genes and environment may deepen our understanding on the reading brain and its corresponding behavior.
Previous twin studies have examined the importance of both genetic and environmental influences on reading-related cognitive skills, such as phoneme awareness, spelling, and orthographic coding (Bates et al., 2004; Friend, DeFries, Wadsworth, & Olson, 2007; Gay an & Olson, 2003; Petrill et al., 2010) . Among all the environmental factors, home literacy has been viewed as one of the most prominent predictors for reading disability (Grigorenko, 2001) . In alphabetic languages, researchers found association between home literacy and children's visual and orthographic aspects of print (Levy, Gong, Hessels, Evans, & Jared, 2006) . In Chinese, Shu, Li, Anderson, Ku, and Xuan (2002) found a correlation between home literacy and children's reading development in Grade 1 and Grade 4, they explored home literacy in the following four parameters: literacy resources at home (the number of children's books etc.), parentechild literacy-related activities, children's literacy-related activities and parents' education, compared to other three parameters, literacy resources (number of children's books etc.) had the highest correlations with children's reading proficiency in both Grade 1 and Grade 4 (Shu et al., 2002 ). Thus we chose "the number of children's books at home at age 3" as a representative for the home literacy resources in the current study. As a visual complex language, orthographic processing has been viewed as an important predictor for Chinese children's reading development (Li, Shu, McBride-Chang, Liu, & Peng, 2012) . Therefore, in this 10-year longitudinal study, we focused on a specific reading-related skilldthe orthographic skill, chose the number of children's books at their ages of 3 as a long-term environmental predictor, and explored how reading-related genes and the home environment at ages of 3 years old could exert influences on children's orthographic processing at ages of 12 years.
While most previous studies tended to focus on the influence of environment on the behavioral level of orthographic skills, only in recent years researchers started to pay more attention to the correlation between environment and brain. In a recent study aimed at determining the effects of socioeconomic status on healthy children's brain structure, it was shown that children from families with lower socioeconomic status (SES) had smaller gray matter volumes in a spread range of brain regions, including left fusiform gyrus (Jednor og et al., 2012) that includes the VWFA (Cohen et al., 2000; Dehaene, Le Clec'H, Poline, Le Bihan, & Cohen, 2002; McCandliss et al., 2003) . Given the correspondence between VWFA activation and N170 print tuning, the present study focused on the influences of not only gene but also environment on normal children's N170 in orthographic processing.
In summary, a number of previous studies have proved the importance of both genes and environment on the development of orthographic skills. Until now, little is known about how gene and environment could interact on the orthographic processing. Consequently, using a longitudinal design, the aim of the present study was to reveal possible contributions of both genes (DCDC2) and environment (home literacy), on normal children's orthographic processing on both behavioral level and brain level. Particularly, we chose the two prominent SNPs (rs1419228, rs1091047) significantly associated with orthographic coding following a study of large normal population (Lind et al., 2010) . At the same time, we used the number of children's books at the age of 3 as a long-term environmental predictor. How the number of books at age 3 and reading-related genes could exert influences on children's ERPs at ages of 12 years would be an interesting question.
Material and methods

Participants
A sample of 60 Chinese children (33 males, mean age: 12.7 years) participated in this study. The children were randomly selected from a longitudinal study when they were grade 6e7 pupils around the age of 12 years (Lei et al., 2011) . All of these children met the following inclusion criteria: native Mandarin speakers, right-handed, normal or corrected-to-normal vision without ophthalmological or neurological abnormalities, no known intellectual disability, and normal reading ability. The Wechsler intelligence scale for children-Chinese revision (WISC-CR) was used to measure children's intellectual ability. We used six representative subtests from the scale (information, similarities, digit span, picture completion, block design and coding). Children's performance in each subtest was in the normal range (standard scores from the WISC-CR norms ! 7). Then we used the composite score of the six subtests as an index for children's intellectual ability in further statistical analysis. The latter was tested by three reading measures (Chinese character recognition at the age of 11 years, Chinese reading fluency at the age of 11 years and Chinese reading comprehension at the age of 12 years), which have been demonstrated to be good indexes of Chinese children's reading ability in previous studies (McBrideChang, Shu, Zhou, Wat, & Wagner, 2003; Pan et al., 2011; Zhang et al., 2013 ). Children's reading performances were described in Table 1 . We judged children's reading ability mainly with the Chinese character recognition task. Informed written consent was obtained from the parents of all children. Ethical approval for the present study was obtained from the Institutional Review Board of Beijing Normal University Imaging Center for Brain Research. See more details of group description in Table 1 .
Genotyping
The two SNPs (rs1419228 and rs1091047) were genotyped in the normal Chinese children sample using the MassArray system (Sequenom, San Diego, U.S). The sample success rate for each SNP reached 100% and the reproducibility of the genotyping was 100% according to a duplicate analysis of at least 1% of the genotypes.
Home literacy
Home literacy was measured when children were at the age of 3 years by a 6-point parent scale for the number of children's books at home. Mothers of the participants were invited to complete the assessment. The choice for the six-point self-report scale was from 1 ¼ zero to five books, 2 ¼ six to ten books, 3 ¼ eleven to twenty-five books, 4 ¼ twenty-six to fifty books, 5 ¼ fifty-one to one hundred books, to 6 ¼ more than one hundred books.
Behavior tasks 2.4.1. Orthographic judgment
This task, used for children at the age of 12 years, has been successfully used in previous studies and proved to be a proper index for Chinese children's orthographic awareness Zhang et al., 2012) . In the orthographic judgment task, children were visually presented with items consisting of line drawings, non-characters and real characters. Their task was to judge whether the item was a real character or not. There were 60 items in all and the maximum score was 60.
Orthographic choice
Measured for children at the age of 12 years, the orthographic choice task visually provided two characters and required children to choose the one they thought was a real Chinese character. One of the two characters was a pseudo-character with two radicals occurring in the frequent position. The other one was a non-character with two radicals occurring in the wrong position . The pseudo-characters were consistent with Chinese orthographic rules while the non-characters were not. The correct answers, therefore, were the pseudo-characters for each question. It is common for Chinese children to encounter characters which they do not know, so this task is natural and proper for tapping Chinese children's orthographic skill. There were totally 45 items and the maximum score was 45.
Chinese word spelling
This task was used to measure children's spelling ability at the age of 12 years. Well-trained experimenters orally presented 7 two-character words to children. The children were asked to write down the target characters without time limit. The final score of this dictation test was the total number of words accurately written down. Children were tested on 7 items so the maximum score was 7. Similar tasks had been used in previous studies and proved to be a good indicator for children's spelling ability (Zhang et al., 2012) .
2.5. ERP tasks 2.5.1. Stimuli The ERP task consisted of the two stimulus types real characters ("e.g., ") and stroke combinations ("e.g., "). Real characters were at an occurrence frequency of above 200 per million, stroke combinations were composed of two non-existing radicals that were formed by randomized strokes. Different types of stimuli were matched in the average number of strokes (7e12). Each type of stimuli consisted of 60 different items.
Procedures
Participants were seated in a darkened, sound attenuated, electromagnetically shielded room 0.5e0.8 m away from the computer screen. They performed a color decision task (see below). The two types of stimuli were pseudo-randomly shown on a black background in the center of the screen. There 4 blocks with 30 stimuli (15 per condition) each. Each trial started with a fixation cross for 200 ms, after an interval of 500 ms, the target stimulus (subtending 1.8e2.8 ) was presented for 500 ms in one of two colors (red and white). After 500 ms a question mark appeared prompting the participants to press the left or right mouse button depending on the color presented (see Fig. 1 ). The question mark appeared for 2000 ms, and. after the response another trial started following an interval of 1000 ms. The assignment between color and mouse button was counterbalanced across subjects. All stimuli, fixation crosses, and question marks were shown in the center of the screen.
ERP recording and analysis
Electroencephalographic activity was recorded from Neuroscan version 4.3 system (Neuroscan Inc., EI Paso, TX, USA) at 1000 Hz/channel with filter settings 0.05e100 Hz, using an electrode cap with 32 Ag/AgCl electrodes placed according to the 10e20 system, and using the left mastoid as recording reference. Impedance was kept below 5 kU.
The continuous EEG was corrected for eye-movement and blinks by using Neuroscan 4.3.1 software (Compumedics, Texas, USA). Corrected files were digitally filtered with a 0.3e30 Hz band-pass filter, rereferenced to the average of all the electrodes and segmented into 900 ms long trails with a prestimulus interval of 100 ms. Trials with peak to peak detection intervals exceeding 100 mV were excluded from averaging. ERPs were averaged for each participant, stimulus type and channel, respectively. The analyses focused on bilateral occipito-temporal electrodes (P7, P8), because they were the most sensitive positions for N170 (Bentin et al., 1999; Cao, Li, Zhao, Lin, & Weng, 2011; Lin et al., 2011; Maurer et al., 2008) . Peak amplitude of the N170 segment was obtained by detecting maximum negative amplitude of the ERPs during 140e230 ms after stimulus onset. Mean amplitude of Fig. 1 . Experiment procedure. Please refer to the ERP tasks in the method part for details. the N170 segment was averaged from 178 to 198 ms for real characters and 208e228 ms for combinations, an epoch comprising 20 ms, 10 before and 10 after the peak of each type of the stimuli, based on the grand-average ERPs. In Chinese, many studies used stroke combinations as the baseline Zhao et al., 2012) . Accordingly, we chose the N170 difference between real characters and stroke combinations as index of print tuning, similar to the difference between words and symbols in previous studies (e.g., Maurer et al., 2007) .
Statistic analysis
The HardyeWeinberg test of the 2 SNPs was carried out using the PLINK program (Purcell et al., 2007) .
The descriptive statistics for demographics (e.g., age, gender, IQ, character recognition, reading fluency and reading comprehension) and behavior measures (home literacy, orthographic judgment, orthographic choice and spelling test) were analyzed by SPSS version 17.0. Demographic factors, including age, gender, IQ and reading measures among different genotypic groups were compared using either ANOVA or the c 2 test.
In order to test for main effects of condition, laterality and their interaction on the occipito-temporal N170, an ANOVA was carried out comprising the two within-subject factors "condition" (real characters versus stroke combinations) and "laterality" (left versus right hemisphere). Significance level in the ANOVA analyses was set to 0.05.
In order to examine the potential interaction between genotype and home literacy in Chinese orthography on both behavioral and brain levels, two ANCOVAs were computed using the two between-subject factors "genotype" (G/G versus C/e) and "home literacy" (low and high), and IQ as a covariate. In one analysis N170 tunings (real charactersestroke combinations) at electrode P7 and electrode P8 respectively were entered as dependent variables, in the other analysis behavioral performances were used.
Results
The distributions of the two SNPs were both consistent with the HardyeWeinberg Equilibrium. While the minor allele frequency for rs1419228 was lower than 5%, there were no homozygous for the C allele (C/C) and only 5 heterozygous (C/T) among the 60 participants. As a result, we focused only on the SNP rs1091047 in the following analysis.
As for the rs1091047, out of the 60 participants, 39 were G allele homozygote (G/G), 18 were heterozygote (C/G), and 3 were homozygote for the C allele (C/C). Due to the small subject number of C/C genotype, we combined G/C and C/C into one group (C/e) for the subsequent analyses. Participant demographics and summary statistics are shown in Table 1 . In general, there were 32 girls and 28 boys with a mean age of 12.7 years. The two genotype groups did not significantly differ regarding age, gender and IQ (all P > 0.05). According to norms on Chinese children's reading development, children's reading performance (character recognition, reading fluency and reading comprehension) was in the normal range with relatively large variations. Also, there were no significant differences (P > 0.05) between different genotypes in any of the three reading measures. Table 2 indicates descriptive statistics for home literacy and behavioral measures at the age of 12 years. As for home literacy, the mean level of children's book at home was 4.57 (4 ¼ 26e50 books; 5 ¼ 51e100 books) with a range of 2e6 (2 ¼ 6e10 books, 6 ¼ >100 books). Table 2 also displayed the means, and standard deviations of the orthographic judgment, orthographic choice, and spelling tasks. Generally, all of the measures were normally distributed, with relatively proper range. To explore the interaction between gene and home literacy on reading ability, home literacy measured by book number was split into "high" and "low" groups by group median 4 (high: 5e6, low: 1e4). Table 3 displayed the examinations for genotype effect, home literacy effect and interaction effect for the age 12 behavioral measures. No significant interactions and genotype main effects were detected among the orthographic judgment, orthographic choice and spelling tasks. However, marginal to significant main effects for home literacy were found. Children in the high book group performed better than those in the low book group in all the three behavioral measures (orthographic judgment: P ¼ 0.053, orthographic choice: P ¼ 0.042 and spelling: P ¼ 0.042). Meanwhile, the effect sizes (represented by Cohen's d) for the home literacy main effects were relatively large (from 0.61 to 0.80).
The grand-average ERP waveforms at bilateral occipito-temporal electrodes in response to the two types of stimuli for all children are shown in Fig. 2 .
The ANOVA on the N170 peak amplitude revealed that real characters elicited a more negative N170 than stroke combinations (condition main effect: P < 0.001), and that the N170 was more negative over the left hemisphere than over the right hemisphere (main effect laterality: P < 0.001). The conditionby-laterality interaction was not significant (P ¼ 0.753). Accordingly, planned comparisons at each electrode separately revealed a more negative N170 for real characters than stroke combinations over both left (t ¼ À3.344, P ¼ 0.001) and right (t ¼ À2.987, P ¼ 0.004) hemisphere. The mean amplitude analysis revealed that the effects were similar with the above peak amplitude analysis. The accuracy rates in the ERP task for all children were more than 95%. Table 4 displays the gene-by-home literacy interaction on N170 tuning for real characters compared to stroke combinations. Firstly, the genotype main effect approached significance in the left hemisphere, P < 0.1 in peak amplitude analysis. Children with the major allele "G" tended to show larger N170 tuning than those with the minor allele "C". Moreover, a significant interaction was found in peak amplitude (P ¼ 0.009) in the left hemisphere. The mean amplitude analysis confirmed this result by showing the same significant interaction pattern (P ¼ 0.011). No such interaction was found in the right hemisphere. Means and standard deviations for each genotype-by-home literacy group were indicated in Table 4 . Particularly, simple effect tests showed that children carrying the major allele "G" showed similar N170 tuning (P > 0.05) irrespective of their home literacy environment, while children carrying the minor allele "C" showed significantly (P < 0.05) less N170 tuning in low home-literacy environment than those in high home-literacy environment. Fig. 3 further depicts the interaction trend in the left hemisphere using the peak amplitude of the N170.
Discussion
The natureenurture debate has become a hotly contested issue for hundreds of years. In looking for the causes of individual differences in reading ability, numerous twin studies have examined the Note: WISC IQ as covariates. a Home literacy measured by book number was split into "high" and "low" groups by group median. b y P < 0.10. *P < 0.05. **P < 0.01. Fig. 2 . N170 waveforms for all children at bilateral occipito-temporal electrode sites. Waveforms at the left (P7) and right (P8) occipito-temporal channels are shown. Solid line refers to ERP waves for real words and broken line refers to ERP waves for stroke combinations.
relative contribution of genetics and environment (DeFries, Fulker, & LaBuda, 1987; Harlaar, Dale, & Plomin, 2007; Petrill, Deater-Deckard, Thompson, Thorne, & Schatschneider, 2006) . Research has shown a close interaction between genes and experience and so the question today is not whether it is nature or nurture, but rather how the two interact. One way to investigate this interaction is to look at measures of brain function which are a biological marker that reflects the interaction between genes and environment. In this 10-year longitudinal study, by using a molecular genetic approach, we aimed to discover the gene-by-environment interaction on a specific reading-related skill (the orthographic skill) at both behavior and brain levels in a normal children sample from a non-Caucasian Han population. As a result, a significant gene-by-environment interaction was detected for the neural measure of orthographic processing, while only an effect of environment was found for the behavioral measure of orthographic processing. As orthographic awareness, one of the most essential reading-related cognitive skills, proved to be a potential precursor for either dyslexia or reading ability in previous studies (Cassar & Treiman, 1997; Ho, Chan, Lee, Tsang, & Luan, 2004; Li et al., 2012) , it is a major behavioral marker for genetic studies on reading ability. Accordingly, researchers have found there were moderate to substantial heritability of orthographic skills using twin designs (Chow, Ho, Wong, Waye, & Bishop, 2011; Gay an & Olson, 2001; Olson, 2002) . Moreover, with the help of molecular genetics, Lind et al. (2010) systematically examined twenty-nine intensively distributed SNPs across the DCDC2 gene locus and reported 2 SNPs (rs1091047, rs1419228) significantly associated with orthographic skills in a large normal Note: WISC IQ as covariates. y P < 0.10. *P < 0.05. **P < 0.01. Caucasian sample. In the present study, the same SNP rs1091047 that was associated with orthographic processing in the Lind et al. study, was also associated with a neural marker of orthographic processing in a normal developed children sample. It replicated previous findings to some extent in a Han population and emphasized the important role of this SNP in the orthographic processing in various writing systems. Interestingly, the risk allele in our study was "C", whereas the risk allele on this SNP was "G" in previous study (e.g. Lind et al., 2010) . The different results might be explained by several factors: first, the differences in the origins of the sample population (e.g. Han population versus Caucasian population) might relate to differences at the genetic level. Second, the different writing systems may put different demands on orthographic processing. Chinese orthography is highly irregular, whereas the orthography of English contains relatively more pronunciation, although the correspondence between letters and phonemes is still not that transparent. Finally, there may exist other influencing factors such as tasks we chose and ages of the participants. Despite these differences, the same SNP on DCDC2 was associated with measures of orthographic processing in both studies, corroborating its important role for reading.
While we did not find any genetic effect on behavioral measures of orthographic processing, there was a significant effect of environment with relatively large effect sizes. Children who had more children's books at home, when they were 3 years old, showed higher orthographic skills at the age of 12 years, compared to children with less books at the age of 3. This is in agreement with previous studies (Levy et al., 2006; Shu et al., 2002) , and corroborates the important role of the environment for literacy acquisition.
In contrast to the behavioral measure, there were genetic effects at the neural level. Print tuning was indicated at the neural level across the entire group of children by a larger N170 in response to words compared to stroke combinations. This result is in agreement with previous findings from alphabetic and Chinese languages suggesting that neural tuning for print occurs around 200 ms after stimulus presentation in children (Cao et al., 2011; Maurer et al., 2007) . Critically, the N170 tuning for print, depended on the specific genetic marker of a child and the environment a child grew up with. In other words, the number of children's books at their ages of 3, together with the SNP rs1091047 in DCDC2 gene, became two long-term predictors for the electrophysiological response underlying children's orthographic processing at the age of 12 years. Children with a risk allele had smaller N170 tuning than those carrying a normal allele in poor environment, whereas there was no such difference in good environment.
Most previous molecular genetics studies examined the genetic mechanism of orthographic skills on the behavioral level (Lim, Ho, Chou, & Waye, 2011; Lind et al., 2010; Scerri, 2004; Zhang et al., 2012) . While some reading-related genetic studies on dyslexia investigated how genetic variation influences auditory language processing at the neural level (Czamara et al., 2010; Roeske et al., 2011) , only one study looked at neurogenetic effects in a visual word processing task (Pinel et al., 2012) . In that study, however, genetic mutations of the FOXP2 gene led to changes in functional activation during reading in frontal and superior temporal regions, possibly related to phonological aspects of reading (Pinel et al., 2012) . In contrast, the present results affected neural tuning for print, which rather reflects orthographic aspects of reading. The interaction with environment in the present study may suggest that the genetic influence and the degree of its modulation by environment are different between different aspects of reading, such as phonological and orthographic processing. However, as this study is the first study to investigate geneeenvironment interactions on functional brain measures, this question warrants further investigation. Moreover, different environmental variables than the ones used in the present study may be relevant for modulating the genetic influence on the development of phonological skills.
Interestingly, while there was a gene-by-environment influencing pattern for Chinese orthographic skills at the neural level, there was no genetic effect or such interaction found at the behavioral level. That is to say, DCDC2 gene may be more closely linked to the brain than to behavior. This is consistent with previous studies on healthy adults, dyslexics and even schizophrenics which showed significant differences across different genotypes on the brain activation or ERP response, even though with no differences in cognitive ability at behavioral level (Egan et al., 2001; Krug et al., 2009; Neuhoff et al., 2012) . Thus, the N170 may be a candidate endophenotype representing orthographic processing similar to the mismatch negativity in schizophrenia research (Baker, Baldeweg, Sivagnanasundaram, Scambler, & Skuse, 2005) .
As previous twin studies have emphasized the essential impact of both gene and environment on reading behavior (Bates et al., 2004; Friend et al., 2007; Gay an & Olson, 2003; Petrill et al., 2010) , a critical question is how these two factors interact. Two models have been proposed which outline the interaction mechanisms, until now. According to the diathesis-stress model (Rende, Slomkowski, Stocker, Fulker, & Plomin, 1992) , risk genes have stronger effects in a risk environment than in a non-risk environment. In contrast, according to the bioecological model, risk genes have stronger effects in a protective environment (Bronfenbrenner & Ceci, 1994) . By using a molecular genetic approach, the results of the present study are in agreement with the diathesis-stress model. Particularly, children in good environment showed similar neural tuning for print irrespective of their genotypes, while children carrying the minor allele "C" showed a smaller change of neural tuning than the "G" allele carriers when the home environment was poor.
Findings of the present study may shed light on educational practices relevant to early identification of children born in poor home environment. Children who live in risk environment and are relatively delayed in reading skills like orthographic awareness in early childhood might still reach a normal level if they receive proper instruction in making up for their poor home environment. It is worth noting that we chose "the number of children's books at home" as a representative for home literacy. Actually there are other important factors, for instance children's reading habit and parents socioeconomic status (SES), that may play an important role in the developmental of children's reading and language ability. Therefore, future research studies on other indexes will be needed to unravel the relation between home literacy and reading development.
In this study, we were inspired by previous studies and brought environment together to see the gene-by-environment interplay on the brain. This may be a pilot study though with relatively small sample size and limited number of SNPs. Duncan and Keller (2011) raised an issue of the replication problems in the candidate gene-by-environment studies. We agree with their view that replicating such findings is important. Given the longitudinal nature of the geneeenvironment interactions in our results, replication from future longitudinal studies is needed, and we expect more studies with comprehensive data from various modalities to replicate our results and further uncover the causal relationship among gene, environment, brain and behavior.
Conclusion
The above results indicated that environmental factors, such as home literacy in this study, may modulate the role of DCDC2 in the neuro-electrophysiology of orthographic processing, and pointed to the necessity of considering both genes and environment in future studies on the genetic basis of reading development. N170 may be a candidate endophenotype connecting dyslexia candidate genes and orthographic processing skills.
